Pathogenic bacteria that invade the host via the gastrointestinal tract must cross the epithelial surface to gain access to the underlying mucosa. In addition to forming a physical barrier to bacterial infection, intestinal epithelial cells can function as integral components of the host's mucosal immune system. Thus, intestinal epithelial cells express major histocompatibility complex class I and class II molecules (3, 36) . In addition, intestinal epithelial cells can act as sensors of bacterial invasion (16, 29) . In response to bacterial invasion, e.g., by Salmonella dublin, Shigella dysenteriae, Yersinia enterocolitica, Listeria monocytogenes, and enteroinvasive Escherichia coli, they rapidly up-regulate expression and secretion of proinflammatory cytokines, including interleukin-8 (IL-8), monocyte chemotactic protein-1, granulocyte-macrophage colony-stimulating factor, and tumor necrosis factor alpha (TNF-␣) (14, 15, 19, 28) .
The enterobacterium Y. enterocolitica causes a broad range of gastrointestinal syndromes, ranging from acute enteritis and enterocolitis to mesenteric lymphadenitis (7, 11) . The virulence of Y. enterocolitica is controlled by chromosomal (yst, inv) (12, 26, 40, 42) and plasmid-encoded genes (for reviews, see references 9 and 10). The pYV (for Yersinia virulence) virulence plasmid directs production of the outer membrane protein YadA and secretion of 11 antihost proteins called Yops, 7 of which have been shown to be essential for virulence (10, 20, 55) .
Invasion studies in an experimental mouse infection model revealed that Y. enterocolitica selectively invades M cells located in the follicle-associated epithelium overlying Peyer's patches (1, 21, 22) . After transcytosis via M cells, Y. enterocolitica multiplies in Peyer's patch tissue, accompanied by an influx of polymorphonuclear and mononuclear phagocytes (2) . Subsequently, microabscesses can be found beneath the follicle-associated epithelium and transmigrating polymorphonuclear leukocytes (PMNs) can be found within the epithelium (1) . The cytokines IL-1, IL-6, TNF-␣, and gamma interferon are probably involved in the local host defense in Peyer's patch tissue infected by Y. enterocolitica (2, 4, 5, 48) .
Adherence to and internalization of Y. enterocolitica and Yersinia pseudotuberculosis by epithelial cells (33, 41) depend on a series of surface proteins, namely Inv (25, 45, 58) , Ail (39, 40) , and YadA (6, 17, 23, 53, 54, 57) . Invasion by Y. enterocolitica of HeLa, HEp-2, and T84 cells depends on the interaction between the invasin Inv and ␤ 1 integrins on the surface of the eukaryotic cell (25) . Infection of HeLa and T84 epithelial cells by Y. enterocolitica induces IL-8 secretion (15, 19, 28, 52) . After infection by virulent Yersinia organisms, IL-8 secretion is partially counteracted by the action of a so-far-unknown Yop protein(s) (52) .
Most investigations of Y. enterocolitica invasion of epithelial cells and Yersinia-induced IL-8 secretion have employed nonintestinal, or at least nonpolarized, cell types. However, on intestinal epithelial cells ␤ 1 integrins are located on the basolateral side (56) . Thus, the epithelial ligand for the Yersinia invasin Inv is physically separated from the intestinal lumen. It was demonstrated that entry of Y. pseudotuberculosis into Caco-2 cells is mediated by ␤ 1 integrins. After redistribution of ␤ 1 integrins to the basolateral surface during differentiation, Y. pseudotuberculosis is not able to invade epithelial cells from the apical side (8) . Likewise, polarized epithelial T84 cells are resistant to invasion by Y. pseudotuberculosis (37) . However, T84 monolayers become susceptible to Y. pseudotuberculosis invasion in regions where transient microdiscontinuities resulting from neutrophil migration permit access to ␤ 1 integrins from the apical side (37) .
We wondered whether Y. enterocolitica is able to invade polarized human intestinal epithelial cells and whether this interaction with polarized cells leads to IL-8 secretion. To address these questions, we used an in vitro cell culture system of polarized T84 cells (34) . In infection experiments we analyzed the effect of cell differentiation on the apical and basolateral entry of Y. enterocolitica into T84 cells and measured IL-8 secretion by infected cells. Our results suggest that Yersinia invasion of polarized intestinal epithelial cells occurs from the basolateral surfaces rather than from the apical surfaces. In addition, infection by pYV ϩ or pYV Ϫ Y. enterocolitica strains from the basolateral side led to significant IL-8 secretion, although pYV ϩ bacteria did not significantly invade polarized cells. These results suggest that Y. enterocolitica basolateral adhesion and invasion may trigger IL-8 secretion by polarized epithelial cells.
MATERIALS AND METHODS
Bacterial strains. Plasmid-harboring (pYV ϩ ) and plasmid-cured (pYV Ϫ ) Y. enterocolitica WA314 strains of serotype O:8 were described by J. Heesemann and R. Laufs (24) . The Y. enterocolitica WA314 (pYV Ϫ ) inv mutant was obtained from K. Ruckdeschel (51) . As a control for a noninvasive bacterium we employed a laboratory E. coli HB101 strain.
Bacterial growth conditions. Bacteria were routinely grown in Luria-Bertani broth (LB). For infection experiments, overnight cultures of Yersinia were diluted to an optical density at 600 nm (OD 600 ) of 0.2 in LB or brain heart infusion (Difco, Detroit, Mich.) and incubated for 3 h at 27 or 37°C, respectively. Antibiotics (Boehringer, Mannheim, Germany) were used at the following final concentrations: gentamicin, 100 g ml
Ϫ1
; kanamycin, 50 g ml
; and nalidixic acid, 35 g ml
Cell lines. Human colon epithelial carcinoma T84 cells (ATCC CCL-248) were obtained from the American Type Culture Collection, Rockville, Md. T84 cells (passages 56 to 70) were cultured in 50% Dulbecco's modified Eagle's medium (Gibco BRL, Paisley, Scotland)-50% Ham's F12 (BiochromKG, Berlin, Germany) and 10% fetal bovine serum (Gibco BRL), supplemented with 10 mM HEPES buffer (pH 7.5), 1 mM sodium pyruvate, 2 mM L-glutamine (Gibco BRL), penicillin (100 U/ml), and streptomycin (100 g/ml) (BiochromKG). The cells were grown in a humidified 5% CO 2 atmosphere at 37°C.
Construction of monolayers. T84 cells were grown and maintained as confluent monolayers as described previously (13, 34, 43) with the following modifications. Approximately 10 6 cells cm Ϫ2 were seeded on 6.5-or 24-mm-diameter polycarbonate permeable supports (Costar Corp., Cambridge, Mass.) with a pore size of 3.0 or 0.4 m, respectively. Inverted monolayers for basolateral infections were constructed on 6.5-mm-diameter filters coated with rat tail collagen (type 1; Sigma Chemical Co., St. Louis, Mo.). T84 cells were added to filters inverted (underside facing up) onto sterile petri dishes and were allowed to attach overnight; the inserts were then placed right side up into 24-well culture plates. Filters were used when they had reached steady-state transepithelial resistance or at indicated time points.
Measurement of TER. Transepithelial electrical resistance (TER) measurements were carried out with either a Millicell-ERS volt-ohmmeter (Millipore, Bedford, Mass.) or a commercial voltage clamp (Physiologic Instruments, San Diego, Calif.) interfaced with an equilibrated pair of calomel electrodes along with a pair of Ag-AgCl electrodes submerged in saturated KCl. Agar bridges were used to interface the electrodes with the solutions on either side of the monolayer (one calomel and one Ag-AgCl electrode on each side). Measurements of short-circuit current and resistance were made as detailed elsewhere (34, 35) .
Infection protocol. Bacteria grown for 3 h in LB or brain heart infusion at 27 or 37°C, respectively (see "Bacterial growth conditions") were collected by centrifugation and washed twice in sterile phosphate-buffered saline (PBS) (pH 7.4). After determination of the OD, appropriate dilutions of the bacteria in PBS were performed before infection. Monolayers were infected at a bacterium-to-cell ratio of 500:1 or as indicated. The actual number of bacteria administered was determined by plating 0.1 ml of 1:10 serial dilutions on Mueller-Hinton agar and counting CFU after 36 h of incubation at 27°C.
T84 monolayers grown on commercially available (Costar) polycarbonatepermeable supports were washed two times with PBS and incubated in medium containing heat-inactivated fetal bovine serum without antibiotics. After 1 to 2 h of equilibration bacterial samples were added. Monolayers and bacteria were incubated for 1 h to allow adherence and entry of the bacteria. After removal of the medium, cultures were washed three times with PBS to remove extracellular bacteria and further incubated for 4 h in the presence of 100 g of gentamicin per ml to kill remaining extracellular bacteria. Then the culture supernatants (apical and basolateral reservoirs) were removed and centrifuged for 20 min to pellet residual bacteria and cells before IL-8 measurement. Cells of the monolayers were lysed with 1% Triton X-100 in PBS. The number of released viable bacteria was determined by plating serial 10-fold dilutions on Mueller-Hinton agar. For apical infection of inverted monolayers, filters were washed and inverted onto a sterile petri dish containing PBS. The apical surfaces of the monolayers (now facing up) were infected with the appropriate bacterial dilutions in 100 l of cell culture medium.
TNF-␣, a gift from Bender, Vienna, Austria, and lipopolysaccharide from E. coli (Sigma) were used in concentrations of 50 and 100 ng/ml, respectively.
Determination of IL-8 production by ELISA. The amount of IL-8 secreted into the supernatant was determined by an enzyme-linked immunosorbent assay (ELISA) with optimal concentrations of a mouse anti-human IL-8 monoclonal antibody (MAb) and a biotinylated mouse anti-human IL-8 MAb as detecting antibodies. ELISA microtiter plates (Nunc) were coated overnight with antihuman IL-8 MAb (G265-5; Pharmingen, San Diego, Calif.). After nonspecific binding sites were blocked, supernatants were added to the wells and incubated overnight. After several washing steps, biotin-labeled anti-human IL-8 MAb (G265-8; Pharmingen) was added. Finally, an avidin-biotin-alkaline phosphatase complex (Strept ABC-AP kit; Dako, Glostrup, Denmark) was added. For signal development the wells were incubated with p-nitrophenylphosphate disodium (pNPP; Sigma), and the OD was determined at wavelengths of 405 and 490 nm. IL-8 concentrations were calculated from the straight-line portion of standard curves with recombinant human IL-8 (Pharmingen).
Electron microscopy and immunofluorescence microscopy. Following incubation with bacteria, T84 monolayers on permeable supports were washed with PBS and fixed at 4°C in 1/2 Karnovsky's fixative in 0.05 M sodium cacodylate buffer. After fixation, filters were further processed for scanning electron microscopy (SEM) or transmission electron microscopy (TEM) essentially as described by Karunasagar et al. (31, 32) . For immunofluorescence microscopy samples were washed twice with PBS and fixed with 3% paraformaldehyde in PBS for 15 min at room temperature. Then the following steps were performed at room temperature. The samples were quenched with 50 mM NH 4 Cl in PBS for 15 min, washed with PBS, and then permeabilized with 2% Triton X-100 in PBS for 4 min. The samples were washed with PBS and incubated for 20 min with PBS containing 1% bovine serum albumin. Filters were cut out from the ring support with a scalpel and incubated for 1 h with the primary antibody, anti-human ␤ 1 integrin clone P4C10 (Gibco BRL). After being washed, the filters were incubated for 1 h with CY2-conjugated anti-mouse immunoglobulin G (Dianova, Hamburg, Germany). To visualize microfilaments, the fixed and permeabilized cells were incubated with tetramethyl rhodamine isocyanate-conjugated phalloidine (2 ng/ml; Sigma). The fluorescence images were obtained with a confocal laser scanning microscope (Leica TCS 4D) equipped with detectors and an argon-krypton laser for simultaneous scanning of different fluorochromes. The samples were analyzed with a 40ϫ (numeric aperture 1.4) PlanApo objective oil immersion lens. The pinhole was set to optimal values according to the manufacturer's instructions. Images were processed with Graphikkonverter version 2.5 software (LemkeSoft, Peine, Germany).
Statistics. Differences between mean values were analyzed by the Student t test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Establishment of an in vitro monolayer system to study Yersinia-induced IL-8 secretion. To study bacterial invasion of, and release of IL-8 by, polarized human intestinal epithelial cells after infection with Y. enterocolitica O:8, we established an in vitro system employing T84 cells grown on permeable supports as described previously (13, 34, 43) . In order to analyze the effect of Y. enterocolitica infection as a function of the differentiation status of the cells, monolayers were morphologically and functionally characterized over a period of 2 weeks. The tightness of the monolayers was assessed by measuring the TER. Figure 1 shows the TER development of T84 monolayers on permeable supports with 0.4-or 3.0-m pore size. TER increased continuously and reached steady-state levels after 8 days. However, the actual steady-state levels differed, depending on the pore sizes of the permeable supports. Differentiation of T84 cells was assessed by electron microscopy and immunofluorescence microscopy. SEM and TEM showed that T84 cells grown on permeable supports differentiated from nonpolarized cells on day 2, becoming tall columnar cells with apical microvilli, and finally developing tight or occluding junctions on day 9 (data not shown). Indirect immunofluorescence VOL. 66, 1998 YERSINIA-INDUCED IL-8 SECRETION BY T84 CELLS 1217
with an anti-␤ 1 integrin MAb showed basolateral but not apical expression of ␤ 1 integrins in differentiated T84 cells (Fig. 2) . IL-8 secretion by T84 monolayers was analyzed after stimulation of the monolayers with the physiological agonist TNF-␣. T84 monolayers responded to TNF-␣ stimulation with timeand dose-dependent IL-8 secretion (Fig. 3a) . Thus, after 2 h of stimulation T84 cells produced 600 pg of IL-8/ml. About 50 ng of TNF-␣ induced submaximal IL-8 production, and that amount was used as a control in subsequent experiments. Moreover, TNF-␣-induced IL-8 secretion was polarized in the physiological apical-to-basolateral direction. Of the total amount of IL-8 secreted after TNF-␣ stimulation, 94% was secreted into the basolateral reservoir and 6% was secreted into the apical reservoir (data not shown). Further experiments demonstrated that during differentiation of T84 monolayers TNF-␣ stimulation from the apical side decreased. Thus, after 6 to 8 days it was no longer possible to induce significant IL-8 secretion by applying TNF-␣ to the apical surface (Fig. 3b) . However, at these time points the cells still secreted IL-8 in response to TNF-␣ stimulation from the basolateral side, suggesting that the lack of apical stimulation was due to a polarized distribution of TNF-␣ receptors on the basolateral surfaces. In agreement with previous work (15) Ϫ strains at a multiplicity of infection (MOI) of 500. After 1 h of incubation, the monolayers were washed with PBS and further incubated for 4 h in the presence of gentamicin to kill residual extracellular bacteria. Finally, the number of viable intracellular bacteria was determined as described in Materials and Methods. The results indicate that Y. enterocolitica is able to invade nondifferentiated T84 cells. The pYV Ϫ strain invaded twice as extensively as the pYV ϩ strain (1.6 versus 0.9%, respectively). However, as early as day 2 after the cells were seeded on permeable supports, invasion was reduced, and it further declined to background levels of 0.001 or 0.006% invasion on day 10 for pYV ϩ and pYV Ϫ strains, respectively (Fig. 4) .
In addition to Inv, the major Yersinia invasin, there are two additional Yersinia adherence and/or invasion factors: Ail and YadA. In contrast to Inv, Ail and YadA are maximally expressed at 37°C (30, 38) . However, the experiments described above were performed with Y. enterocolitica cultured at 27°C. In order to investigate the roles of Ail and YadA in invasion of In contrast, Salmonella typhimurium, which was used as a positive control in these experiments, was able to invade T84 monolayers.
To confirm the above results, electron microscopy studies were performed. T84 monolayers were infected on day 2, 5, or 9 postseeding with the Y. enterocolitica pYV ϩ or pYV Ϫ strain. SEM of permeable supports infected on day 2 revealed confluent layers of T84 cells. Only a few cells established cellular protrusions resembling microvilli (Fig. 5A) . Y. enterocolitica bacteria frequently adhered to the surface of T84 cells on day 2 (Fig. 5A) . TEM revealed the presence of intracellular Y. enterocolitica cells in phagocytic vacuoles in T84 cells (Fig. 5B) . On day 5 almost all T84 cells (approximately 95%) showed irregular brush borders (Fig. 5C ). Adhering Y. enterocolitica cells were less frequent. When bacteria were present, they were most often observed close to the region of contact between adjacent cells (Fig. 5C ). TEM revealed that on day 5 T84 cells exhibited tall columnar shapes, more or less irregular brush borders, and tight junctions (Fig. 5D) . Intracellular Y. enterocolitica cells were not detected (Fig. 5D ). On day 9 postseeding regular brush borders of microvilli were found on T84 cells (Fig. 5E ). Adhering Y. enterocolitica cells were hardly detectable at this time point. As on day 5, intracellular Yersinia cells were not found on day 9.
Taken together, the above results show that invasion of T84 cells by Y. enterocolitica decreases with cell differentiation, suggesting that the receptor(s) involved in cell entry by Y. enterocolitica disappears from the apical surfaces during differentiation into polarized T84 cells. Invasion by Y. enterocolitica of polarized T84 cells from the basolateral surfaces. Polarized T84 cells grown on permeable supports showed a basolateral distribution of ␤ 1 integrins (Fig.  2) . In order to evaluate the effect of the segregation of ␤ 1 integrins between the apical and basolateral surfaces of differentiated cells on Y. enterocolitica entry, infection of T84 monolayers from the basolateral surface was investigated. Inverted T84 monolayers on collagen-coated permeable supports were infected from the apical or basolateral side with the pYV ϩ or pYV Ϫ Y. enterocolitica strain. Monitoring the number of viable intracellular bacteria by the gentamicin killing assay, we observed a significant invasion of polarized T84 cells by Y. enterocolitica from the basolateral but not from the apical surfaces. As depicted in Fig. 7 , the Yersinia pYV ϩ and pYV Ϫ strains grown at 27°C invaded T84 cells to the same extent. When the strains were precultured at 37°C, we observed a reduction of invasion by the virulent plasmid-harboring strain. Thus, only small numbers of intracellular pYV ϩ Y. enterocolitica bacteria precultured at 37°C were found. Likewise, a noninvasive E. coli strain did not significantly invade T84 cells. Infection with a Y. enterocolitica pYV Ϫ strain defective in the inv gene revealed numbers of intracellular bacteria similar to those of E. coli and Y. enterocolitica pYV ϩ strains precultured at 37°C (Fig. 7) . These results suggest that invasion by Y. enterocolitica of T84 monolayers from the basolateral surface involves binding of invasin protein to ␤ 1 integrin receptors localized on the basolateral membranes of T84 cells.
Role of intestinal epithelial cell differentiation in
Invasion by Y. enterocolitica of polarized T84 cells by the basolateral route was confirmed by TEM examinations. Figure  8 shows T84 cells infected with the Y. enterocolitica pYV ϩ strain from the basolateral side. Cellular extensions of T84 cells, grown through the 3.0-m pores of the permeable supports, on the basolateral side are invaded by Y. enterocolitica bacteria which reside intracellularly in phagocytic vacuoles (Fig. 8) .
IL-8 secretion by polarized T84 cells after basolateral infection with Y. enterocolitica. The experiments described above revealed that the pYV Ϫ or pYV ϩ Y. enterocolitica strain is able to invade polarized T84 cells from the basolateral side. We further investigated whether this interaction of Y. enterocolitica with T84 cells is able to induce IL-8 secretion. Therefore, polarized T84 monolayers grown on collagen-coated permeable supports were infected with Y. enterocolitica strains grown at 37°C from the basolateral side and the amount of IL-8 secretion was determined. Noninfected controls showed concentrations of IL-8 in the basolateral compartments of approximately 60 pg/ml. These concentrations were higher than those found in T84 cells seeded on permeable supports with a 0.4-m pore size. Thus, the amount of IL-8 constitutively secreted by T84 cells depends on the pore size of the permeable supports. After infection from the basolateral surface IL-8 concentrations were 196 Ϯ 56 and 289 Ϯ 60 pg/ml for pYV ϩ and pYV Ϫ Yersinia strains, respectively. In contrast, infection of T84 monolayers from the apical surface did not significantly induce IL-8 secretion (Fig. 9) . Although the pYV ϩ Y. enterocolitica strain grown at 37°C did not significantly invade polarized T84 monolayers from the basolateral surface (Fig. 7) , the amount of IL-8 secreted was comparable to that induced by infection with the pYV Ϫ strain. Thus, induction of IL-8 secretion by basolateral infection of polarized T84 cells with Y. enterocolitica did not strictly depend on cell invasion. croscopic examinations of T84 monolayers infected at different time points after culture on permeable supports confirmed this assumption.
Y. enterocolitica, like Y. pseudotuberculosis, expresses three different adhesion and/or invasion factors. The invasin Inv, the major invasion factor, is maximally expressed at 27°C (27, 44, 46) . In contrast, the additional factors Ail and YadA are expressed at 37°C (30, 38) . Since the contribution of each of these factors to the invasion of intestinal epithelial cells is unclear, we also investigated invasion by bacteria that were cultured at 37°C. However, Y. enterocolitica cultured at Ailand YadA-inducing temperatures did not enter T84 monolayers to a significant extent (data not shown).
During polarization intestinal epithelial cells acquire two distinguishable domains, apical and basolateral. Interestingly, a redistribution of ␤ 1 integrins during differentiation of Caco-2 cells in culture to the basolateral domains of the cells has been documented (56) . We have also observed a restricted localization of ␤ 1 integrins in the basolateral domains of differentiated T84 cells. It has already been suggested that this redistribution of ␤ 1 integrins accounts for the diminishment of epithelial cell invasion by Y. pseudotuberculosis (8) . preted as a consequence of the antiphagocytic effect of YopE and YopH (18, 20, 49, 50) .
Apical infection of polarized T84 cells with Y. enterocolitica for 1 h or over a period of 20 h did not induce IL-8 secretion, whereas apical infection with S. typhimurium induced substantial IL-8 secretion (data not shown). Previous reports indicated that invasion is an essential signal for induction by invasive bacteria of IL-8 secretion (15) . The fact that differentiation of epithelial cells diminishes invasion by Y. enterocolitica could explain the lack of IL-8 secretion after infection from the apical surfaces. Consistently, infection from the basolateral surfaces not only led to invasion but also to IL-8 secretion in the physiological apical-to-basolateral direction.
Comparison of invasion and IL-8 secretion after infection with the Y. enterocolitica pYV ϩ strain cultured at 27 or 37°C revealed that the pYV ϩ strain grown at 37°C did not significantly invade but induced secretion of IL-8. This finding suggests that Yersinia invasion is not required to induce IL-8 secretion by polarized T84 cells after basolateral infection. Whether adherence-triggered IL-8 secretion is mediated by Ail or YadA is not yet clear.
Previous investigations revealed a suppressive effect of virulent pVY ϩ Y. enterocolitica bacteria on infection-triggered IL-8 secretion by nonpolarized HeLa or T84 cells. This effect required the presence of an active type III secretion-translocation mechanism and at least YopB and -D (52) . However, in the present study we could not detect a suppression of IL-8 secretion after basolateral infection of polarized T84 cells. Thus, although the pYV ϩ Y. enterocolitica strain cultured at 37°C did not significantly invade polarized T84 cells from the basolateral side, IL-8 secretion was comparable to that induced by the pYV Ϫ strain, which invaded to a greater extent. This finding could be explained by the distinct differentiation of the cells employed in the two studies. However, it is more likely that this discrepancy is due to the special features of the in vitro system used in the present study. Thus, the absence of a certain host cell receptor(s) from the basolateral surfaces of polarized T84 cells may account for the lack of translocation of Yop protein(s), some of which suppresses IL-8 secretion. On the other hand, it might well be that prior to a Yop-mediated suppression residual amounts of IL-8 or other cytokines secreted by infected cells induce IL-8 secretion by a paracrineautocrine pathway in neighboring cells (47) which are not in contact with Y. enterocolitica. Consequently, IL-8 production in these cells would not be suppressed by Y. enterocolitica.
Data from experiments in the mouse model suggest that yersiniae cross the intestinal epithelium by transcytosis via M cells (1, 21) . Subsequently, Y. enterocolitica might gain access to neighboring epithelial cells of the follicle-associated epithelium and trigger IL-8 secretion. Whether basolateral IL-8 secretion by epithelial cells and recruitment of PMNs are involved in the pathogenesis of Yersinia-induced abscess formation in Peyer's patch tissue remains to be shown.
